
ABSTRACT
Background: Reduced lower extremity muscle strength as well as reduced lower extremity muscle pre-activity (defined as muscular activity just prior to initial 
ground contact) during high-risk movements are factors related to increased risk of non-contact ACL injury in adolescent female athletes. A strong relationship 
exists between muscle strength and muscle activity obtained during an isometric contraction, however, whether these two measures are related when muscle 
activity is obtained during a movement associated with a high risk of non-contact ACL injury is not known. Absence or presence of such a relationship may have 
implications for which training modalities to choose in the prevention of ACL injuries. 

Purpose: The purpose of this study was to examine the relationship between maximal muscle strength of the hip extensors, hip abductors and knee flexors and 
the pre-activity of these muscle groups recorded during a sidecutting maneuver (high-risk movement) in adolescent female soccer and handball athletes. 

Study design: Cross-sectional study.

Methods: Eighty-five adolescent (age 16.9±1.2 years) female elite handball and soccer athletes were assessed for maximal hip extensor, hip abductor and knee 
flexor muscle strength; and muscle pre-activity (electromyography recordings over a 10 ms time interval prior to foot ground contact) of the gluteus maximus 
(Gmax), gluteus medius (Gmed), biceps femoris (BF) and semitendinosus (ST) during a standardized sidecutting maneuver.

Results: The results of the correlation analyses demonstrated poor and statistically non-significant correlations. Maximal hip extensor force (N/kg bw) and Gmax 
pre-activity [rs = 0.012 (95% CI -0.202 – 0.224), p = 0.91], maximal hip abductor force (N/kg bw) and Gmed pre-activity [rs = 0.171 (95% CI -0.044 – 0.371), p = 
0.11], maximal knee flexor force (N/kg bw) and BF pre-activity [rs = 0.049 (95% CI -0.166 – 0.259), p = 0.65], and maximal knee flexor force and ST pre-activity 
[rs = 0.085 (95% CI -0.131 – 0.293), p = 0.44]. 

Conclusion: In the present exploratory study, the results imply that no relationship exists between maximal lower extremity isometric muscle strength and 
lower extremity muscle pre-activity during sidecutting. This means that athletes with low muscle strength may not necessarily demonstrate high (or low) muscle 
pre-activity during sidecutting - a well-known risk movement for sustaining non-contact ACL injury. 

Levels of evidence: Level 3
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INTRODUCTION
The incidence rate (81-85 per 100,000)1 of non-con-
tact anterior cruciate ligament (ACL) injuries is a 
major problem in sports. In the prevention of non-
contact ACL injuries, the role of lower extremity 
muscle strength has been discussed extensively1-4 
and research suggests that reduced isolated lower 
extremity muscle strength is related to an increased 
risk of non-contact ACL injury in healthy competi-
tive athletes.5,6 

In a typical non-contact ACL injury situation (sidecut-
ting),7,8 Bencke and colleagues found that the peak 
external hip- abduction, inward rotation and exten-
sion moments coincided with the peak external 
knee- valgus and outward rotation moment 30-40 
milliseconds (ms) after landing in adolescent female 
handball players,9 all of which are factors known to 
predispose for non-contact ACL injury.10,11 These 
finding underline the importance of high dynamic 
restraint capacity of the hip extensors, hip abductors 
and knee flexors in the very initial phase of ground 
contact during sidecutting, in order to counter the 
stress forces generated in the ACL. To adequately 
counter these external forces early after foot ground 
contact during sidecutting, the hip extensors, hip 
abductors and knee flexors need to be pre-activated 
in relation to foot ground contact due to the latency of 
mechanosensory feedback reflexes (>75-100 ms).12 
A potential imbalance between external forces and 
internal counter-acting muscle force output may 
partly explain why non-contact ACL injury also is 
observed in the very initial time window i.e. <40 
ms after foot-strike.8,13 During a high risk ACL injury 
movement such as sidecutting where numerous 
lower limb muscles are active at the same time, elec-
tromyography (EMG) can be used to measure neu-
romuscular activity and provide a proxy measure of 
muscle force output.14-16 Based on this method, Zebis 
and colleagues previously reported that the com-
bination of high quadriceps pre-activity along with 
low medial hamstring pre-activity during sidecut-
ting was a risk factor for sustaining non-contact ACL 
injury in female athletes.17 

Reduced muscle strength and reduced muscle 
pre-activity are both modifiable risk factors for 
non-contact ACL injury, which can be targeted by 
specific training interventions.18-24 Their relationship, 

however, is currently unknown. As EMG activity pro-
vides a proxy measure of muscle force output during 
movements, the question is if, or how, the two risk 
factors – i.e. lower extremity muscle strength 5,6 and 
neuromuscular pre-activity during sidecutting 17 – are 
related. Three plausible scenarios exist, each with dif-
ferent consequences for the optimal design of injury 
prevention exercises: 1) High muscle strength down-
regulates the amount of pre-activity (less pre-activity 
is needed to produce the same force output),18 - or 
low muscle strength up-regulates the amount pre-
activity since more pre-activity is needed to produce 
the same force output (inverse relationship), imply-
ing that the two potential risk factors should be tar-
geted by different training programs; 2) High muscle 
strength increases neuromuscular coordination by 
up-regulating pre-activity and thereby increasing 
the force output (positively related) as seen in static 
force testing,25 implying that strength training alone 
may target both potential risk factors concurrently; 
3) No relationship exist between the two potential 
ACL injury risk factors, which imply that low muscle 
strength and low muscle pre-activity during high-risk 
movements should be independently targeted by dis-
tinct training programs. 

While the hip extensors, hip abductors and knee flex-
ors, also referred to as the posterior kinetic muscle 
chain, seem important for preventing non-contact 
ACL injuries,3 the present study intended to exam-
ine if maximal isometric muscle strength in the hip 
extensors, hip abductors and knee flexors are related 
to the amount of pre-activity of these muscle groups 
during a high-risk movement such as the sidecutting 
manoeuvre. 

The purpose of this study was to examine the rela-
tionship between maximal muscle strength of the 
hip extensors, hip abductors and knee flexors and 
the pre-activity of these muscle groups recorded dur-
ing a sidecutting maneuver (high-risk movement) in 
adolescent female soccer and handball athletes. 

MATERIALS AND METHODS

Study design and participants
This exploratory study is an embedded part of an 
ongoing prospective parent cohort study designed 
to screen Danish adolescent (age range 14-19 years) 
female soccer and handball athletes for ACL risk 
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factors (unpublished). The reporting of the study 
follows the STROBE 2007 statement (Strengthening 
the Reporting of Observational Studies in Epidemiol-
ogy).26 Previously, Husted and colleagues reported 
the association of hamstring and quadriceps pre-
activity between different ACL risk screening tests 
from the same cohort.27 

Participants were recruited through collaboration with 
the Danish Soccer Association (DBU) and the Danish 
Handball Association (DHF). Participants who met 
the following criteria were included in the study: 1) 
selected for the national youth team in their respec-
tive sports (handball or soccer) and 2) physically fit 
to participate in a full competitive game or match. 
Participants were excluded if they were injured at the 
time of inclusion precluding them from performing 
the test protocol. Before the test in the motion analy-
sis laboratory, all study participants went through a 
structured interview to assess number and severity of 
lower limb injuries sustained in the prior 12 months 
(anatomical region, cause of injury, type of injury, 
time away from sport due to injury), total duration of 
sports participation (playing experience) and on the 
involvement in systematic resistance training (>2 
sessions/week). Data collection took place between 
November 2010 and December 2011. 

Eighty-five adolescent female elite handball (52) and 
soccer (33) athletes with 10.2 (±2.5) years of experi-
ence with their sport were recruited for the study 
(age 16.9±1.2 years; height 172.3±6.7 cm; weight 
66.3±8.2 kg) (Table 1). All participants and their par-
ents were informed about the purpose and content 
of the project, and all parents gave written informed 
consent for their child to participate in the study in 
accordance with The Declaration of Helsinki. The 
study was approved by the local Ethics Committee 
in the Capital Region of Denmark (H-2-2010-091).

Test procedures
Following a structured interview, the following 
test procedures were performed: 1) measurement 
of anthropometric data (age, height, weight and 

determination of dominant leg), 2) EMG-electrode 
placement on selected muscles, 3) warm-up follow-
ing a standardized protocol, 4) MVC procedure meas-
uring maximal isometric hip extensor, hip abductor 
and knee flexor strength and corresponding EMG 
activity, and 5) the sidecutting test maneuver.

Using procedures described in detail in previous 
reports9,18,27 participants were tested in a 3D motion 
analysis laboratory to assess lower limb muscle activ-
ity in selected muscles (Gluteus maximus (Gmax), 
Gluteus medius (Gmed), long head of the Biceps 
Femoris (BF) and Semitendinosus (ST)) during a 
standardized sidecutting maneuver (SC) (additional 
details given below) using synchronous surface 
EMG recording. Muscle activity was also recorded 
during maximal voluntary (isometric) contractions 
(MVC) for the respective muscles. In brief, maximal 
isometric hip extensor, hip abductor and knee flexor 
muscle strength were measured using a handheld 
dynamometer (details given below). Muscle strength 
and pre-activity testing was performed on the take-
off/stance leg, defined as the leg contralateral to the 
preferred kicking leg or throwing arm.19

EMG recording
Neuromuscular activity was sampled at 1000 Hz 
using bipolar surface EMG-electrodes with 1.0 cm 
inter-electrode distance and built-in preamplifiers 
(Delsys DE-2.3 sEMG sensor; CMRR >80 dB).18,27 
The skin was shaved to remove hair and dead skin 
cells and cleaned with ethanol to ensure minimal 
skin impedance.25 Subsequently, the EMG-elec-
trodes were placed along the length of the fibers 
of the Gmax, Gmed, BF and ST muscles. To reduce 
noise contamination from external electric sources a 
reference electrode was placed on the anterior tibial 
crest.25 To ensure reliable EMG-electrode placement 
between days and testers the guidelines described 
by Perotto et al. were used.28 Bipolar EMG-record-
ings from lower extremity muscles during both iso-
metric muscle contractions and ballistic movements 
have previously been found reliable.19,29

Table 1. Participant characteristics (n = 85).
 Age  

(yrs) 
Height  
(cm) 

Weight 
(kg)

Sport
(handball:
soccer) 

Experience 
with sport 
(yrs) 

Performing resistance 
training >2 sessions/week   

Mean (SD) 16.9 (1.2) 172.3 (6.7) 66.3 (8.2) 52:33 10.2 (2.5) Yes = 81, No = 4 
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Warm-up procedure 
Before measuring maximal voluntary contraction 
strength all participants went through a standard-
ized warm-up procedure consisting of ten submaxi-
mal vertical jumps, ten one-leg squats on each leg, 
ten medium vertical jumps (80% self-rated effort), 
ten lunges on each leg and finally ten maximal 
vertical countermovement jumps (100% self-rated 
effort). 

Maximum voluntary contraction (MVC)
Maximal voluntary isometric muscle strength was 
measured using a portable hand-held dynamom-
eter (PowerTrack II Commander, JTECH Medical, 
Salt Lake City, Utah, USA) according to procedures 
described elsewhere.30-32 In each trial the partici-
pants had four seconds to reach maximum isometric 
force production (i.e. hip extension, hip abduction 
and knee flexion). The participants performed three 
MVC trials for each muscle group separated by 30 

seconds of rest to avoid fatigue, receiving strong ver-
bal encouragement. The trial with highest (maxi-
mum) isometric force production for each muscle 
group was selected for later analysis.30 Maximal hip 
extensor, hip abductor and knee flexor muscle forces 
were normalized to body weight (N/kg bw).

Knee flexor muscle force: Maximal isometric knee 
flexor force was obtained with the participant lying 
prone on an examination table, the foot and ankle 
free of the edge of the couch, the knee in 10° flex-
ion, a handheld dynamometer placed 5 cm proximal 
from the medial malleolus, a strap (attached to the 
floor) wrapped around the ankle and the dynamom-
eter and then performing a maximal isometric knee 
flexion (Figure 1 A).31,32 Prior to each MVC trial it 
was ensured that the dynamometer was not regis-
tering any tension and that the leg was held closely 
against the strap to avoid any initial acceleration 
impact against the dynamometer. 

Figure 1. Muscle force (N) was measured with a handheld dynamometer and muscle activity was measured using bipolar sur-
face EMG recording. A. Maximal isometric knee fl exor force, B. Maximal isometric hip abductor force, C. Maximal isometric hip 
extensor force, D. Side cutting maneuver in the 3D motion analysis laboratory. The left foot is placed on the force plate.
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Hip abductor muscle force: Maximal hip abductor 
force was obtained with the participant supine on 
the examination couch, the test leg lifted 1 cm above 
the surface of the couch and 20° of hip abduction. 
In this position the dynamometer was positioned 
against the lateral side of the lower leg 5 cm proxi-
mal from the medial malleolus and a maximal iso-
metric hip abduction trial was performed against the 
researcher (Figure 1 B).30,31 

Hip extensor muscle force: Maximal hip extensor 
force was obtained using a set-up similar to that of 
knee flexor MVC testing except that the knee joint was 
fully extended and the instruction was to maximally 
extend the hip and not flex the knee (Figure 1 C).30,31

Sidecutting (SC) 
As described in detail previously 18,27 the participants 
started five meters in front of an instrumented force 
plate and were instructed to perform the SC maneu-
ver as fast and powerfully as possible to simulate 
an in-game situation (Figure 1 D). To best simulate 
a match situation neither cutting angle nor run-in 
speed was standardized. To ensure that the partici-
pants were able to move freely during the SC test 

all the EMG-electrodes were connected to a wireless 
transmitter placed on the participants back. The test 
was repeated until three approved SC trials were cap-
tured. The mean of the recorded EMG-signal ampli-
tudes from the three approved SC trials was calculated 
for each muscle, respectively, for later analysis.18,27 

EMG signal processing 
For each muscle (Gmax, Gmed, BF and ST) all EMG 
recordings were high-pass filtered using 4th order 
zero-lag Butterworth filter and subsequently smooth-
ened using a root-mean-squared (RMS) filter (30-ms 
symmetrical moving window with successive 1-ms 
steps). EMG-signal amplitudes recorded from the 
three SC trials of each participant were normalized to 
the maximum RMS EMG amplitude recorded during 
MVC testing of the respective muscles (i.e. hip exten-
sor, hip abductor and knee flexor). Neuromuscular 
pre-activity during the SC maneuver thus refers to 
the mean normalized RMS EMG amplitude mea-
sured in the 10-ms time interval immediately pre-
ceding initial foot contact (time = 0) (Figure 2).17,18,27 
Details of the EMG signal processing procedure have 
been described in detail elsewhere.27

Figure 2. The mean RMS EMG amplitude during the 10-ms time interval prior to initial contact (dotted red lines) was calculated 
for the Gmax, Gmed, BF and ST muscles and normalized to the peak EMG amplitude obtained during MVC of the respective 
muscles examined.
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Statistical analysis
The Shapiro Wilk test was used to test for normal 
distribution of all obtained data. The EMG data 
were not normally distributed; consequently, it was 
decided to use non-parametric statistics and to pres-
ent data as medians with corresponding 10th-90th 
percentile ranges. Accordingly the non-parametric 
Spearman’s Rho Correlation test (rs) was used to test 
the relationship between the maximal isometric hip 
extensor, hip abductor and knee flexor muscle force 
(N/kg bw) versus Gmax, Gmed, BF and ST muscle 
pre-activity. The following values were used to char-
acterize the strength of correlation, 0.00-0.25 (no or 
poor relationship), 0.25-0.50 (low-to-moderate rela-
tionship), 0.50-0.75 (moderate-to-strong relationship) 
and above 0.75 (strong-to-excellent relationship).33 
Level of significance was set at 0.05 (two-tailed test-
ing). All statistical analyses were performed using 
Stata 11.2. No sample size estimation was conducted 
due to the explorative design of the study. 

RESULTS
Maximal isometric hip extensor, hip abductor and 
knee flexor force output in absolute (N), body mass 
normalized to terms (N/kg bw) and Gmax, Gmed, 
BF and ST pre-activity recorded during the sidecut-
ting maneuver, are presented in Table 2.

The results of the correlation analyses demonstrated 
poor and statistically non-significant correlations. 
Maximal hip extensor force (N/kg bw) and Gmax pre-
activity [rs = 0.012 (95% CI -0.202 – 0.224), p = 0.91], 
maximal hip abductor force (N/kg bw) and Gmed pre-
activity [rs = 0.171 (95% CI -0.044 – 0.371), p = 0.11], 
maximal knee flexor force (N/kg bw) and BF pre-
activity [rs = 0.049 (95% CI -0.166 – 0.259), p = 0.65], 
and maximal knee flexor force and ST pre-activity 
[rs = 0.085 (95% CI -0.131 – 0.293), p = 0.44] (Table 3).

DISCUSSION
The results of the present study did not identify 
any systematic relationship between the maximal 

Table 2. Characteristics of maximal isometric hip extensor, hip abductor and 
knee fl exor force output, normalized to body weight maximal isometric hip 
extensor, hip abductor and knee fl exor force output (N/kg bw) and Gmax, 
Gmed, BF and ST pre-activity.
n = 85 Median 10th – 90th percentiles
Maximal hip extensor force (N) 246 200 - 289
Maximal hip abductor force (N) 169 140 - 206
Maximal knee flexor force (N) 261 222 - 308
Maximal hip extensor force normalized to body weight (N/kg bw) 3.8 2.9 – 4.3
Maximal hip abductor force normalized to body weight (N/kg bw) 2.5 2.2 - 2.9
Maximal knee flexor force normalized to body weight (N/kg bw) 4.0 3.4 - 4.7

 %47 - 41 %14 *)CVM %( ytivitca-erp xamG
 %801 - 33 %66 †)CVM %( ytivitca-erp demG
 %64 - 21 %03 ‡)CVM %( ytivitca-erp FB
 %77 - 22 %14 ‡)CVM %( ytivitca-erp TS

N = Newton, N/kg bw = Newton per kilograms of body weight, Gmax = gluteus maximus, Gmed = gluteus medius, BF = biceps 
femoris, ST = semitendinosus, MVC = maximal voluntary (isometric) contraction. Percent of maximal EMG activity measured during 
sidecutting and normalized to maximal isometric hip extensor*, hip abductor† and knee flexor‡ contraction EMG activity. Median 
and 10th – 90th percentiles.

Table 3. Correlation analyses of the maximal isometric hip extensor, hip 
abductor and knee fl exor muscle force (N/kg bw) versus Gmax, Gmed, BF 
and ST muscle pre-activity.

r 95% CI p-value 
Gmax pre-activity vs. Hip extensor force (N/kg bw)* 0.012 -0.202 – 0.224 0.91 
Gmed pre-activity vs. Hip abductor force (N/kg bw)* 0.171 -0.044 – 0.371 0.11 
BF pre-activity vs. Knee flexor force (N/kg bw)* 0.049 -0.166 – 0.259 0.65 
ST pre-activity vs. Knee flexor force (N/kg bw)* 0.085 -0.131 – 0.293 0.44 
N/kg bw = Newton per kilograms of body weight, Gmax = gluteus maximus, Gmed = gluteus medius, BF = biceps femoris, ST 
= semitendinosus. *Spearman Rank Correlation test.
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isometric muscle strength of the hip extensors, 
hip abductors and knee flexors and the pre-activity 
of these muscles recorded during a standardized 
sidecutting maneuver. 

The cause of non-contact ACL injury is considered 
to be multifactorial with both lower extremity mus-
cle strength and muscle pre-activity suggested as 
contributing factors.2,5,6,17 Interestingly, the results 
of the present study show no relationship between 
these two factors (muscle strength and pre-activity); 
suggesting that high muscle strength not necessarily 
is accompanied by high muscle pre-activity during 
standardized sidecutting maneuver or vice versa in 
adolescent female handball and soccer elite athletes. 

With regard to the prevention of ACL injuries, recent 
systematic reviews have suggested that neuromus-
cular training (NMT) is effective for preventing 
lower limb injuries, i.e. reducing the incidence of 
non-contact ACL injuries.34-36 The concept of NMT 
involves multiple exercise options including muscle 
strengthening, balance/coordination, plyometric, 
and core exercises, altogether aiming at increasing 
muscle strength, improving postural balance control 
and muscle coordination during high-risk movement 
conditions related to non-contact ACL injury.34-36 

Interestingly, in a recent study Moeller and col-
leagues found that strength training was reported to 
be carried out more often in weekly training than 
‘balance training’ and/or ‘specific jump training’ 
(i.e. 2-5 times a week vs. 1-2 times a week, respec-
tively) among adolescent and senior elite handball 
players.37 The adolescent athletes examined in the 
present study are highly comparable to the ath-
letes recruited by Moller and colleagues in terms 
of gender, age, type of sport, experience with their 
sport and time spent on resistance training (Table 
1). While it is well established that strength training 
increases muscle strength via both increased neural 
drive to the muscles and gains in muscle cross-sec-
tional area,21,23,24 the present data indicate no rela-
tionship between maximal muscle strength and the 
pattern of pre-landing neuromuscular motor activ-
ity during a sidecutting maneuver. Speculatively, 
this suggests that, strength gains from e.g. resistance 
training may not necessarily result in adopting a 
certain type of pre-activity motor pattern, probably 

unless combined with other NMT modalities. Con-
versely, significant motor pattern re-modelling has 
been suggested to occur in response to NMT involv-
ing balance/coordination exercises, specific jump 
training and strength training.18-20 

Although recent meta-analyses emphasize the 
importance of including all types of NMT modalities 
in the prevention of non-contact ACL injuries,38,39 a 
possible explanation why resistance training may be 
prioritized higher than the other modalities of the 
NMT concept could be that besides increasing mus-
cle strength, resistance training is also documented 
to improve athletic performance ability e.g. making 
subjects jump higher or run faster.40,41 Interestingly, 
in this context, studies have found that plyometric 
exercises 42 and balance/coordination exercises 19,43 
have shown similar improvements in functional 
performance (e.g. comparable gains in maximal ver-
tical jump height), suggesting some transfer effect 
from these other exercises modalities of the NMT 
concept onto athletic performance gains. 

To describe the distribution of athletes with high or 
low muscle force and high or low muscle pre-activ-
ity during the standardized side-cutting manoeuvre 
a subsequent analysis was performed by dividing 
the plots from the correlation analyses into four 
median frames (A: low muscle force and high mus-
cle pre-activity, B: high muscle force and high mus-
cle pre-activity, C: low muscle force and low muscle 
pre-activity, D: high muscle force and low muscle 
pre-activity), e.g. maximal knee flexor force normal-
ized to body weight and normalized ST pre-activity 
(Figure 3, Figures for remaining muscles can be 
found in supplementary online material). This dis-
tribution divided the athletes into four subgroups for 
analysis. This supplemental analysis shows a simi-
lar distribution of participants in the four median 
subgroups (A-D) for all investigated muscles (Table 
4). Thus, there appear to be no tendency towards 
athletes clustering more in one median subgroup 
compared to the others. However, this analysis high-
lights one particular subgroup (Figure 3 C), namely 
athletes with both low muscle force and low muscle 
pre-activity representing a high total sum of risk 
factors.5,6,17 Thus, based on previous observations, 
the present study participants identified in median 
subgroup C may be expected to be at higher risk 
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of sustaining non-contact ACL injury compared to 
their fellow athletes (especially athletes in subgroup 
B: high muscle force and high muscle pre-activity) 
as they are found to have both risk factors (low 
muscle force and low muscle pre-activity), under-
lining the importance of initiating specialized and 
targeted NMT among this specific subpopulation of 
presumed high-risk athletes. 

Not only the present observations (no relationship 
exists between maximal lower extremity isometric 
muscle strength and lower extremity muscle pre-
activity during sidecutting) but also the fact that ply-
ometric and balance/coordination exercises seem 
poorly integrated in daily training among adoles-
cent female athletes 37 seems alarming bearing in 

mind the high risk of non-contact ACL injury in this 
particular population.1,44-47 Future preventive efforts 
should focus on implementing all types of NMT in 
the daily training routines, i.e. exercise programs fea-
turing training drills that target muscle strength, ply-
ometric, balance/coordination, and core exercises. 

LIMITATIONS
The present study participants were not asked to 
which extent they performed various sub-types 
(balance/coordination, plyometric and core exer-
cise) of NMT exercises. However, the participants in 
the present study were highly comparable to those 
recruited by Moller and coworkers in regard to age, 
gender, sport, level of competition and resistance 
training background.37 

There are some limitations to the MVC assessments. 
Isometric MVC assessments cannot provide specific 
information on individual muscle force contribu-
tions. Assessing muscle force with a handheld dyna-
mometer provides the muscle force produced in the 
assessed movement direction not the muscle force 
produced by specific muscles. E.g. when assessing 
hip abductor force, the prime mover is the gluteus 
medius, however, other hip abductor muscles con-
tribute as well. When assessing hip extensor force, 
contralateral hip flexor activation may have added 
to the force output. This could overestimate the 
recorded muscle force output. Also, isometric MCV 
assessments may not be representative of muscle 
activity during dynamic muscle actions.

Because only isometric muscle force was mea-
sured, a limitation to the current study is the lack 
of data on the rate of force development (RFD) dur-
ing the respective muscle contractions. This could 
potentially have provided an important input to 

Figure 3. Scatterplot of correlation between maximum knee 
fl exor force normalized to body weight (N/kg bw) and semi-
tendinosus pre-activity with median lines dividing the scat-
terplot into four frames; A = Low muscle force, High muscle 
pre-activity. B = High muscle force, High muscle pre-activity. 
C = Low muscle force, Low muscle pre-activity. D = High 
muscle force, Low muscle pre-activity.

Table 4. Supplemental analysis.
Athlete distribution in four median subgroups A B C D 
Gmax pre-activity and hip extensor force 
median, n (%) 20 (23.5) 24 (28.2) 23 (27.1) 18 (21.2) 
Gmed pre-activity and hip abductor force 
median, n (%) 16 (18.8) 26 (30.5) 22 (25.9) 21 (24.8) 
BF pre-activity and knee flexor force  
median, n (%) 23 (27.1) 19 (22.3) 20 (23.5) 23 (27.1) 
ST pre-activity and knee flexor force  
median, n (%) 18 (21.2) 23 (27.1) 24 (28.2) 20 (23.5) 
Gmax = gluteus maximus, Gmed = gluteus medius, BF = biceps femoris, ST = semitendinosus. Total n = 85. A = Low 
muscle force, High muscle pre-activity. B = High muscle force, High muscle pre-activity. C = Low muscle force, Low 
muscle pre-activity. D = High muscle force, Low muscle pre-activity. Median subgroups were determined by the median 
value of the two variables in the correlation analysis (isometric muscle strength and muscle pre-activity). 
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the present analysis, as RFD assessment previously 
have added further perspective on the aspect of non-
contact ACL injury in female soccer athletes.48 

CONCLUSIONS
In the present exploratory study, the results imply 
that no relationship exists between maximal lower 
extremity isometric muscle strength and lower 
extremity muscle pre-activity during sidecutting. 
This means that athletes with low muscle strength 
may not necessarily demonstrate high (or low) mus-
cle pre-activity during sidecutting - a well-known risk 
movement for sustaining non-contact ACL injury. 
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Supplementary File 1. Scatterplot of correlation between 
maximum knee fl exor force normalized to body weight (N/kg 
bw) and m. biceps femoris pre-activity with median lines 
dividing the scatterplot into four frames; A = Low muscle 
force, High muscle pre-activity. B = High muscle force, High 
muscle pre-activity. C = Low muscle force, Low muscle pre-
activity. D = High muscle force, Low muscle pre-activity.

Supplementary File 3. Scatterplot of correlation between 
maximum hip abductor force normalized to body weight (N/
kg bw) and m. gluteus medius pre-activity with median lines 
dividing the scatterplot into four frames; A = Low muscle 
force, High muscle pre-activity. B = High muscle force, High 
muscle pre-activity. C = Low muscle force, Low muscle pre-
activity. D = High muscle force, Low muscle pre-activity.

Supplementary File 2. Scatterplot of correlation between 
maximum hip extensor force normalized to body weight (N/
kg bw) and m. gluteus maximus pre-activity with median 
lines dividing the scatterplot into four frames; A = Low mus-
cle force, High muscle pre-activity. B = High muscle force, 
High muscle pre-activity. C = Low muscle force, Low muscle 
pre-activity. D = High muscle force, Low muscle pre-activity.
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